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TESTS WITH A LINE-COMMUTATED CONVERTER AS A VARIABLE INDUCTIVE _LOAD ON THE
BONNEVILLE POWER ADMINISTRATION TRANSMTSSION SYSTCM

Heinrich J. Boenig
Loa Alamos National Laboratory
Los Alamos, NM 87545

Abstract -~ A twlve-pulse, line-commutated converter,
with a steady-state rating of 2.5 kV and 5.5 kA,
formerly wused for <charging and discharging s
supercounducting magnet, was reconfigured as a static
reactive pover load. Tests staged at the Tacoma, WA,
substation of the Boaneville Power Administration (BPA)
revealed that the converter could be used as a variable
ioductive load, provided a stable current controller was
instslled. The unit was modulated as a varisble VAR
load following a sinusoidal VAR demand sigi.al with an
aaplitude up to 14.8 MVAR. The total losses at maximum
VAR output were 370 kW.

This paper uxplains the necessary modifications of
the converter to uperate as a variable reactive load.
Measured currant weveshapes are analyzed. The effects
of such & load on the BPA transmission seystem are
presented.

1. Introduction

A 30 MJ osuperconducting magnetic aenergy storage
(BMES) unit was operated at the BPA gubstation a:
Tacoma, WA, from February 1983 to February 1984, This
was a joint project between BPA and Los Alamos National
Laboratory. Upon completion of the project the authors
suggested that the SMES conversion equipment be used as
a variable inductive load, vhich, combined with a fixed-
value, parallel-connested capacitor, would constitute a
static VAR device. Because the SMES conversion
equipment was not designed for this alternate mode of
oparation, it wes felt appropriate to conduct mome
variable reactive power tests with the equipment at
Tacoms. In the previous years real power sinusoidal
modulation tests with values up tc 28.6 MW had Deen
staged with the equipment, using s superconducting coil
as a load [1,2). However, becsuse of the absence of thu
superconducting ecoil, vhich had imposed a current limit
on the system, and the known conservative converter
design, 1t was assumed that a higher current loading of
the convearter could be accouplished in inductive load
teants.

2. SUMMARY OF CONVERTER DESIGN

The BMES converter is A twelve-pulse, 1line-
comwutated, air cooled unit, wvhich consists of two wsix-
pulse bridges connected in series{3l]. Each bridge has a
rating of 1.23 kV, 5.5 kA, resulting 1in the converter
rating of 2.3 kv, 3.5 kKA. The negative converter
voltage is limited to 2 kV because of the inversfon end
stop to guarantee safe current commutation., The
converter is connected to the 13,8 kV bus by two 6.0/7.5
MVA, OA/FA, transformers, vhich have a voltage ratio of
13.8/0.928 and & short circuit impedance of 8.8%. Each
bridge leg consists of eight SCRs in parallel. The 3Cihs
are 30 mm devices vith a repetitive blocking voltage of
3200 v and an average forward current of 800A. Each

:abrk performed under the auspices of the U.S.
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bridge has a set of eight bypass SCRs, which are rated
to conduct the steady-state load current.

3. REACTIVE POWER OPERATION OF CONVERTER

7t is textbook knowledge[4] that by delaying tie
phase angle a 1in a line-commutated converter for con-
stant apparent power, the relationship between real and
reactive powver can be changed. If an ideal converter is
assumed vith no comsutating reactances, then no reasctive
pover is absorbed for a &gzero phase delay angle. At
a = 90° only reactive powar is taken from the feeding ac
system. This relationship for an ideal cunverter i{s
shown in Fig. 1. To run the SMES converter as a
variable inductive load, the phase delay angle must be
adjusted to vary near a = 90°, Changes in reactive
pover are mnade by momentarily changing the phase delay
angle. A phase delay angle of less than 90° will
increase the load current and therefore the reactive
power. A phase delay angle of highe- than 90° will
decresse the load current snd reactive pover,
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Fig. l. Relationship between real power (P) and reac-
tive power (Q) for constant apparent power (§8)
of an ideal line~coemutated converter with the
phase delay angle a varfable.

An ideal shorted converter, operating at o = 90°,
absorbs only reactive pover. Figure 2 shows that for a
six-pulse br'dge the line current is limited only by the
commutating ilmpedance and can have excessive values for
emall impedances. The line current {ie continuous for
phase delay angles of 90° and smaller. If the phase
angle is de’ayed more than 90°, as shown in Fig. 2e, the
line current becomes discontinuous. In & six-pulre
bridge with the discontinuous current mode there are ain
load current pulses per cycle. Figure ) shows the shape
of the line current of the one bridge of the SMES
converter which is connected to the wye-delta
transformer. The current shape in Fig. ) agrees with
the one shown {f Fig. 2f, {f the transformur connection
is taken into account, The discontinuous current has a
high harmonic content which is undesirable {n a powver
system. To improve the line current wave shape of the
SMES converter, a small inductance vas sdded in the load
circuit to provide more continuous load currents. The
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load 1inductanre consisted of three 2000 A carrier
current line traps connected in parallel. Each coil had
an inductance of 228 H and a resistance of 850 .0,
resulting in a total load of 76 uH and 283 uQ.
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Fig. 2. Six=pulse, short-circuited bridge

a) circuit diagram,

b) voltage across two commutating inductences
v, for a = 90°,

¢) load current 1, for o = 90°,

d) voltage across two commutating inductances
v, for a = 100°,

e) 15ad current 1, for a = 100°,

£) line current { for a = 100°,

6800 +

—

Figs 3. Line current (at 13,8 kV) of a wye~delta trans-
former connected to a eix-pulse, short~
circuited converter.

4. DEVICE RELATED TEST RESULTS

The electrical circuit for the inductive load teat
is shown in Fig. 4. 1t should be pointed out that the
average convarter output voltage should be kept below
2 V for s rated load current. This 4is 0,08 of the

available converter output voltage of 2500 V. Because
of the high ripple content of the output voltage
controlled at a = 90° a wvoltage controller {is not
suitable to provide stable, closed-loop control. A fast
acting current controller, in which the demand current
is compared with the actual load current, provided
stable operation of the unit, even at very small current
levels (350 A). The delay between the load current
demand signal and the actual current was measured to be
6 degrees for a 0.65 Hz signal.
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2. 6-PULSE BRIDGE (1.23 kv, 8.

3. 6-PULSE BRIDGE (1.23 kv,

S
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. BYPASS SCRS
. iINDUCTANCE (75 uH, 283 ufi)

Fig. 4. Circuit diagram of twelve-pulse converter for
inductive load tests.

The current contrcller also keeps the current
limited during the initial turn-on, Toc be conducting,
the SCRs of the conve:ter must be supplied with a
voltage greater than the forward breakover voltage,
which 1s gate current dependent and several times higher
than the rated load voltags. During start=-up the
currant controller limits the current overshoot to a
minimum.

Because of the existence of tle bypass thyristors,
sach bridge could be tested “ndividually. Figure 5
shows the line currents st different loading for both
bridges. The waveshape of Fig. 5b should be compared
with Fig. 3 to sec¢ the smoothin, effect of the load
impedance on the harmonic content of the line current.
For currents less than those shown in the top traces of
Fig. 5, the 1line current anrd 1losd current {s
discontinuous. The line current can be continuously
conttrolled from zero to a maximum value. Therefore, in
& esix~pulse circuit, the reactive power can vary from
zero to the maximum value. If the converter {s operated
as a twelvu—-pulse converter, a discontinuous current op-
eration is impoessible, which limitse the resctive power
to a mininum value., Discontinuoum current flow 1is not
yvoseible because two SCRs in each bridge must always be
conducting. This condition is met only when the {netan-
taneous output voltage of euch bridge s positive
initially. This occurs for a phase delay angle of less
than 90°,

The B8SMES converter could produce a minimum load of
350 A, below which value the load current would cease to
flow. The converter was tested for average load
currents between 330 A and 6000 A. The wupper value
exceeded the design rating by 10X. The line current
vave shapea for twelve-pulse operation with the loed
curreat increasing are shown in Fig. 6. A
reconstruction of the line current shape starting with
the converter output voltage and current {s shown {n
Fig. 7. In the exumple the lower current limit has been
chosen (compare with Fig. 6a).

3. EFFECTS OF Q MODULATION TESTS ON AC SYSTEM

Beunides the steady state tests, load modulation
tests were performed at frequencies between 0.] and
0.75 Hz. The dominant resonance frequencies of the
Pacific AC Intirtie lie within this frequency band,
Figure 8 shows as an example modulation teata at 0.1 Ms.



10QA MV 10Q4 v N B
I | ]

a) b)

Fig. 5. Line current (at 13.8 kV) of six=-pulse bridge
under different loading conditions with con=-
verter transformer connected in, a) delta-delta
configuration, b) wye-delta configuration. The
top traces show light loading of the converter
(average load current 2000 A), the bottom
traces heavier loading (average load current
3800 A); scale 2 ms/div.

AN N
/ ¥ |
N )% ot
Y Y A
C
109 A v 100 Afdiv, Y l | fl
o) b)
- |
h A
Y. - .
= p 0 }
14« J
2doA: 200AlN W]
3] dl .
\'§ od
7 ]
500 A1 0.2VA
®) f) ¥

P.gs 6. Current wave shapes of modulated, twelve-pulse
bridgse, operating into a low inductive load;
l1ine current (et 13.8 kV) with incressing
average load current 1,, a) 700 A, b) 1400 A,
e) 2100 A, d) 4000 X, e) 6000 A, f) load
current {, at average load current I, = 3.5 kg
scale 2 me/div,

The average load current varies between 360 A and
6000 A. The averagea load current, the real power
consumption and the reactive power absovption are shown.
At 6 kA the absorbed reactive power {s 14.8 MVAR and the
total (transforwer, converter, load, fan) losses are
370 kW,

The complex-pover load, which the converter
presented to the ac aystem wvhile being modulated at
0,135 Hg, 1@ shown {n PFig., 9. The tear narillaesns

Vi

a) =
V2

b) a— =
V,*Vz

¢) — =
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Fig. 7. Twelve-pulse bridge operating at a=90° into a
low impedance load
&) converter voltage Vi
b) converter voltage V,,
¢) total converter output voltage v, + Va,
d) load current {,,
e) line current {,,
£f) line current 11,
g) line current, ..
(see Fig. 4 for deflinitions)

provided the mcdulatfon signal Quog 4t very low
distortion. The real and reactive power response (P and
Q) exhibit harmonics which are roughly 60 db below the
fundamental. The real power P is 35 db below the
reactive powar 1.

Figure 10 shows the response of the Pacific AC
Intertie power to the reactive power rodulation at
0.30 Hz. The peak as shown 4n the autospectia at
0.30 Hz stems from the modulation signal. This result
also can be confirmed by the coherency function, which
is not shown. The peak fs lacking in Fig, Il, which
depicts wmodulation response at higher frequencies.
Response 1{s very small for frequencies above 0,35 He,
Tnhe rathar variable peaking near 0,22 He {3 unrelated to
the modulation irput and is charscteristic of ambient
activity ohserved on the AC Intertie. Test lata of
Figs. 9-11 are given in relative smplitudes and cont iin
conversion factors of the {nstrumentation and metcring
devices.

Intertie response was checked at 6 frequencies
between 0.1 Hz and 0.75 Hz, and was found to be highest
at 0.30 Hz with a value of 0,42 MW/MVAR., Response near

0.7 He was annrnvimesrale 20 a0 Voo -
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Fig. 9. Autospectra for response of convertar deaand to

einusoidal modulation at 0.15 Hz.

of the peaking that was predicted by eome BFA swing
stud.ee[2]. Response to the Q modulation on 'he feeding
13.8 kV bus was about 42 rms at all test frequancies.

SUMMARY

An existing twelve-pulse, line-comautated converter
was modified to operate as & variable inductive load up
to a level of 14.8 MVAR. A stable current controller
allowad the wunft to operate without exceeding rated
currents, although the sverage operating voltage was
necesssrily rastricted to leass than 0.1 of the maximum
avallable voltage. Reactive pover modulation tests
revealed that the unit produced low level but distinct
response on the Pacific AC Intertie.
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Fig. 10. Autospectcra of AC Intertie power and converter

reactive power for sinusoidal modulation at
0.30 Hz; 1039-1047 hrs; 4/19/85.
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modularion at 0.30, 0.4%, and 0.65 Hz; 4/19/85.
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